Both the acridine half-mustard, ICR191, and the nonalkylating azaacridine derivative, ICR364-OH, induce three classes of frameshift mutations in the histidine operon Although simple acridine dyes have been reported to cause mutations in bacteria (28, 30), they are relatively ineffective on nonmating, haploid bacteria. Recently, a series of acridine half-mustards has been found to be very active in inducing mutations in Drosophila (11), Neurospora (13, 21), and bacteria (5, 36). The data, mainly obtained from reversion studies, indicate that the acridine half-mustards predominantly elicit frameshift mutations in bacteria.
Both the acridine half-mustard, ICR191, and the nonalkylating azaacridine derivative, ICR364-OH, induce three classes of frameshift mutations in the histidine operon of Salmonella typhimurium. (i) One class is completely stable in reversion tests and is presumed to represent deletion of one or a few critical nucleotide pairs or two nearby frameshifts. One extended deletion was found out of 11 stable mutations. (ii) Of two spontaneously reverting classes which also are considered to predominantly involve base deletions, one is unaffected in reversion with ICR191, nitrosoguanidine, and diethylsulfate, and the other is induced to revert with ICR191. (iii) A third class, considered to predominantly involve base additions, responds in reversion tests with ICRl91 as well as with nitrosoguanidine and diethylsulfate. Other investigators have shown that one mutant of this class is a "plus" frameshift and that nitrosoguanidine acts in reversion to delete a guanine plus cytosine base pair. Although such plus frameshifts are found with high frequency among mutations selected from acridine-treated bacteria or when strong selection pressure is applied for their detection in reversion tests, data from this laboratory indicate that this class of plus frameshifts is rare among mutations derived spontaneously or after treatment with a variety of other mutagens. Finally, we demonstrate that the alkylating ICRl91 and the nonalkylating ICR364-OH preferentially cause mutations in different chromosome regions and that their spectra of activity only partially overlap that found for spontaneous frameshift mutations.
Although simple acridine dyes have been reported to cause mutations in bacteria (28, 30) , they are relatively ineffective on nonmating, haploid bacteria. Recently, a series of acridine half-mustards has been found to be very active in inducing mutations in Drosophila (11) , Neurospora (13, 21) , and bacteria (5, 36) . The data, mainly obtained from reversion studies, indicate that the acridine half-mustards predominantly elicit frameshift mutations in bacteria.
We elected to isolate histidine-requiring mutants in Salmonella typhimurium induced by ICR191 ( Fig. 1) , one of the more potent acridine half-mustards tested by Ames and Whitfield (5) . In addition, an azaacridine derivative ICR-364-OH (Fig. 1) , incapable of alkylation, was used to induce a second group of histidinerequiring mutants. The 80 mutations were assigned to subregions of the histidine operon by transduction tests, and the mutations were classified by the reversion patterns elicited by several chemical mutagens. Some mutations also were 'Present address: Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, Conn. 06520. examined for effects on polarity and for behavior in intragenic complementation. The properties of most of the mutants were those expected of strains carrying frameshift mutations, except that many reverted in the presence of N-methyl-N'nitro-N-nitrosoguanidine (NG) and diethylsulfate (DES). We hypothesize that these latter two mutagens, although highly effective in eliciting base substitutions, also can cause base deletions. Data of Yourno and co-workers (39, 40 ) substantiate this conclusion. We also observed that the two acridine and azaacridine derivatives exhibited differences with regard to their ability to cause mutations in different regions of the histidine operon and in nonsensesuppressor genes.
MATERIALS AND METHODS
Media. Difco nutrient broth and Vogel and Bonner (33) E mineral salts medium were used in most experiments. E medium was supplemented, where required, muriwn carrying either a stable arabinose mutation, ara-9 (22) , or an operator constitutive mutation, hisO1242 (27) . Other histidine-requiring mutants of S. typhimurium mentioned are on stock in this laboratory (19) . Strains SB391 and SB392 were kindly provided by David B. Berkowitz (9) . Charles Yanofsky supplied a strain of Escherichia coli K-12, which is thr-, leui and carries a mutator gene (37) .
Genetic crosses and complementation tests. Multistep lysates of bacteriophage P22 mutants L3 and L4 (29) were prepared in nutrient broth and stored at 4 C in screw-cap tubes over chloroform. Mapping of mutants was done by transduction using spot tests (2) and more sensitive crosses (19) . Complementation tests on hisD mutants utilized deletion strains carrying E. coli F'his-episomes, strains TR50 (Db2380), TR49 (Da2379), and TA46 (Dab2482) (Greeb et al., submitted for publication).
Isolation of ICR-induced mutants. Bacteria were grown to 1.5 X 108 cells/ml in minimal E medium and diluted 1:100 into E medium supplemented with 10 ,ug of L-histidine-HCl per ml. Either 30 or 40 Mug of ICR191 per ml or 20 or 30 Mg of ICR364-OH per ml was added to experimental cultures. Each of the cultures grew exponentially at 37 C for at least five generations, and reached stationary phase at 3 X 109 to 4 X 10' cells/ml. The generation times were 48 mmn for a control culture, 60 min for a culture grown with 40 ;&g of ICRl91 per ml, and 54 min for a culture grown with 20,ug of ICR364-OH per ml. The mutagentreated cultures were centrifuged, washed, and resuspended in T2 buffer (17) . To enrich for histidine-requiring mutants, the treated bacteria were diluted 1:10 and 1:100 into 2 ml of E medium supplemented with histidine-free amino acid pool and 500 units of penicillin per ml; they were then incubated for 24 hr at 37 C without aeration. Samples were plated on 2 EM medium supplemented with histidine-free amino acid pool, and incubated for 48 hr at 37 C. Under these conditions, histidine-requiring mutants give rise to small colonies, and other amino acid auxotrophs and wild-type bacteria give rise to large colonies. Small colonies were picked and tested for histidine requirement, and single colonies were isolated. To insure the independence of his-mutants, usually only one mutant was retained from each original treated culture. However, in eight cases, two mutants shown by mapping and reversion studies to be of independent origin were selected from the same culture. Tests of more than 200 small colonies from cultures of untreated ara-9 bacteria selected as described above did not yield his-mutants.
Reversion tests. Mutants were grown in nutrient broth overnight, and 0.1-ml portions were spread on EM plates in tests similar to ones performed previously (5, 23, 36) . Crystals of 2-aminopurine, NG, or streptomycin were placed with sterile toothpicks directly on separate plates; other plates were spotted with single drops of either DES or a 1 mg/ml solution of ICR191 or ICR364-OH. The plates were incubated at 37 C for 2 to 3 days before scoring.
Detection of nonsense suppressors. His+ revertants were tested for the presence of amber and ochre suppressors on medium lacking citrate and containing lactose in tests against strains SB391 and SB392 (9) . An amber suppressor-carrying strain, TA132 (his-C434 supW502), was employed as a control.
Enzyme assays. Histidine mutants were grown in E medium containing 20 ,ug of L-histidine per ml for conditions of repression and on 150 ,ug of L-histidinol per ml for conditions of derepression. Late logarithmic-phase bacteria (10' bacteria/ml) were harvested by centrifugation for 10 min at 12,000 X g in a refrigerated Sorvall centrifuge at 2 C. The pellet was rinsed, and the cells were washed once with a chilled solution of 0.85% NaCl. The bacteria were suspended in 0.01 M tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 7.5) and sonically treated, and the extract was centrifuged for 30 min at 39 (19) and P. E. Hartman and R. C. Stahl (unpublished data). The exact map position has not been determined for some mutants; therefore, a range of possible positions is given. Thus, the use of more than one Roman numeral does not imply that the mutation is a multisite mutation spanning the region in question.
c Revert spontaneously, but none of the mutagens tested increases reversion frequency. In most cases, two EM plates were used for each mutagen.
d Strain lost.
e Reversion increased with ICR191 but not by NG, DES, or 2-aminopurine. All mutants tested that reverted in response to ICR191 also reverted with ICR364-OH (e.g., data in Table 7 ). a Mutations of the transition type (see Table 1 ) excluded from per cent distribution analysis. b Often in the isolation of histidine-requiring mutants more than one mutant was isolated from a single culture if one colony failed to respond to L-histidinol (defective in hisD), whereas the other did. This accounts for the excessive size of the hisD class. All hisH point mutations are "leaky" (19) , and so most H mutants are probably lost during penicillin selection. P,PP,P,P,P,P,P,P,PP,P,P,P,P,P,P,t /5 iI,I,,I,I, I,,III,0,,P,P,P,,PP,P,P,P,P,P The following experiment showed that 11 of the 15 mutations in CIIB were coincidental with one another but separable by recombination from a spontaneous frameshift "hotspot" in region CIIB (14) . Cultures of transducing phage and bacteria were prepared for all of the CII-III mutants. Reciprocal crosses were performed among the 15 mutants. As controls, each mutant was crossed with itself, with phage grown on wild-type bacteria, and with phage grown either on hisB47 or on hisE35. The following mutants gave no detectable recombination (less than 0.05% recombination) in reciprocal crosses with one another: 3049, 3057, 3059, 3062, 3067, 3070, 3071, 3074, 3076, and 3079. Mutant 3065 also did not show recombination when used as donor with the above mutants as recipients. Of the above mutants, seven revert spontaneously and with ICR; two (3057 and 3076) are also induced to revert with DES and NG (Table 1) . Mutants 3064, 3077, and 3078 were near but outside the hotspot region (about 1% recombination when crossed with the other mutants), and 3063 appeared to be even further removed (about 3 % recombination). Crosses using mutant 3072 of region CIIA as recipient and the CIIB mutants as donors gave 7 to 13 % recombination. It is concluded that there is a hotspot in the C gene where various kinds of frameshift mutations are preferentially induced by treatment with ICR364-OH (Fig. 2) .
Eight of the hotspot mutants were used as donors for three spontaneous frameshift mutants previously described as coincidental (14) . All eight ICR-induced mutations produced a low frequency of prototrophic recombinants with 2123, 2124, and 2125. Also, one of the above eight ICR hotspot mutants and an additional ICR hotspot mutant gave a low frequency of wild-type recombinants as recipients with phage grown on two spontaneous hotspot mutants, 2124 and 2126. This indicates that the spontaneous and ICR364-OH hotspots are closely spaced but not identical. On the other hand, the ICR-induced mutation, 3064, failed to recombine with 2123 and 2124, and gave a very low frequency of prototrophic recombinants with 2125. We conclude that 3064 is located in the spontaneous hotspot and that 2125 is very closely allied but not identically positioned. Both the ICR364-OH and the spontaneous hotspots are located in a polynucleotide stretch that is highly susceptible to frameshift mutations at a number of positions.
In region IV of the hisC gene, the data of Martin and Talal (25) show that five frameshift mutations selected on the basis of their polar effects are localized in a region where one spontaneous (hisCl22) and one X-ray-induced (hisC516) frameshift mutation lie, whereas mutations involving base substitutions map in other sections of the CIV region. None of the ICRinduced frameshifts tested maps in this frameshiftsusceptible section.
Hotspots of frameshift mutations have been found in genes other than gene C, and there is a partial overlap between ICR-induced frameshifts and others (Fig. 2) . In gene G, none of the ICR-induced frameshifts maps in a hotspot of 26 spontaneous frameshifts (14) , but 3025 fails to recombine with another spontaneous frameshift, 2556, and two ICRI91-induced mutations with differing reversion patterns, 3001 and 3007, fail to recombine to give wild-type recombinants. Although most of the ICR-induced frameshifts in genes A and F are scattered, A3017 and A3039 fail to recombine with each other, and F3041 fails to recombine with a spontaneous frameshift, The genes are divided into subregions by deletion mapping, designated by Roman numerals and letters just beneath the dark horizontal line. The total number of histidine-requiring auxotrophs in each region is indicated by an Arabic number either below the gene region or bracket or after the list ofadditional mutants in each gene. Reasonably up-to-date fine-structure maps and information relating to mutant characterization appear elsewhere (Greeb et al., submittedfor publication), [hisD hisC (25, 36) hisA (23) (15, 25) , valid estimates of polarity may be obtained from such assays. All 12 of the mutations were polar, and all but 3076 were strongly polar (Table 3) . All four D mutations tested were also polar ( Table 1 ). in gene hisF, where some nonpolar mutations are active in reversing the wrinkled phenotype (M. L. Murray, personal communication), an additional 30 ICR-induced mutations located in the hisA, B, C, and G genes were transduced into strain TA944 on plates containing L-histidinol. Strain TA944 contains the constitutive mutation, hisT514, and an extended deletion in the histidine operon, his-2604 (Fig. 2) Enzyme levels of revertants. Frameshift mutations often revert to allow growth on minimal medium due to a second "compensating" frameshift that corrects the reading frame (12) and relieves the polarity effects (24) . Since the region between the two mutations is still translated out of phase, full enzymatic activity often is not restored in the revertant. Revertants of four ICRl91-induced hisD mutants were tested for polarity and for degree of restoration of enzymatic activity. The levels of activity of PR-ATP pyrophosphorylase (dictated by a proximal gene, hisG), histidinol dehydrogenase (hisD), and histidinol phosphate phosphatase (dictated by a distally located gene, hisB) were measured (see Fig. 2 ). The four histidine-requiring mutants were polar, whereas none of the revertants exhibited significant polarity ( (Fig. 2) , served as recipient in transduction tests. Plating was performed on minimal E medium containing histidinol, allowing the growth of hisD+ clones, whether mutant in other histidine genes or not. Approximately 1,000 to 2,000 colonies resulted in each of the tests, corresponding to the value obtained when phage grown on wild-type bacteria was used. All clones printed onto minimal medium, indicating the absence of defects in histidine genes other than hisD. We conclude that the mutations engendering the 24 hisD+ revertants occurred in the hisD gene. In contrast, phage prepared on the two hisD3018 revertants suspected of carrying suppressor mutations confirmed the continued presence of the 3018 mutation.
NG as a mutagen. Of 78 suspected frameshift mutants, 36 reverted to prototrophy when treated with NG (Table 1 ). In contrast, none of 101 NG-induced histidine auxotrophs responded in reversion tests with ICR191 (Hartman et al., manuscript in preparation). The apparent conflict in these contrasting observations could be accounted for if NG predominantly induced base substitutions and only comparatively rarely induced frameshifts. The following observations show that NG is much more effective in causing reversion of mutants originally obtained with NG than it is in causing reversion of mutants collected after ICR treatment.
ICRl91-induced mutants 3006, 3014, 3017, and 3040, and NG-induced mutants 1743, 1748, 1768, and 1777 gave strong positive responses when a crystal of NG was placed on an EM plate spread with the mutant. The four ICR mutants were selected from among the ICR mutants as giving the strongest responses to NG in such spot tests. Liquid cultures of these eight mutants were tested for their quantitative responses to NG-induced reversion ( Table 5) .
The ICR191-induced mutants showed an average increase in the number of revertants over the course of the experiment of about 15-fold. In contrast, the NG-induced mutants had an average increase of greater than 184-fold the number of revertants present initially. This observation supports the hypothesis that NG-induced reversions of frameshift mutants represent a relatively infrequent mode of action of NG.
We have compared hundreds of spot tests for reversion patterns between ICR induced mutants (Table 1) and mutants induced by other agents. The tests uniformly indicate that reversion response to NG is strong for all nonsense and for most missense mutants but weak or negative for frameshift mutants.
Failure of ICR to revert 2-aminopurine-induced mutants. Two mutants that appeared after ICR364-OH treatment, G3048 and B3055, aOvernight nutrient broth cultures of selected ICR191-and NG-induced mutants were centrifuged, washed, and resuspended at a concentration of 4 X 109 cells/ml in E medium without dextrose but supplemented with 200,pg of nitrosoguanidine per ml. After 30 min at 37 C, the cultures were centrifuged, washed, resuspended in E medium without dextrose, and diluted 1:100 into E medium supplemented with dextrose and 10 ug of L-histidine per ml. Two portions of each mutagenized culture were separately diluted into the fresh medium. The cultures were grown with aeration to stationary phase (approximately 22 hr), diluted, and plated on nutrient agar to determine the viable count; 0.1 ml of undiluted and of 1:10 diluted portions of the cultures were plated on E agar to measure the number of revertants present. Samples of 0.1 ml were also taken before treatment with NG and immediately after NG treatment, and were plated for determination of the viable count and number of revertants as above. The percentage of survival of the cells was approximately 2 X 10-3.
b Start = 0 hr (measurement taken just prior to mutagenesis); finish = 22 hr after mutagenesis. c Number of revertants/total number of cells plated.
behaved in reversion tests as if they were missense mutations of the transition type ( Table 1 ). The following experiments show, however, that the two ICR compounds are generally inactive in reverting base substitutions of the transition type. Thirty-seven histidine-requiring mutants isolated from 2-aminopurine-treated cultures were tested for their reversion responses to 2-aminopurine, ICR191, and ICR364-OH (Table 6 ). None of these mutants gave a positive response to ICR191, but four (C342, D412, F413, and C441) did respond weakly to ICR364-OH. Further tests on two revertant colonies from each of these mutants showed that the ICR-induced revertants carried nonsense suppressors. On the basis of these results, it appears that neither ICRl91 nor ICR364-OH is able to cause reversion at the sites of most transition mutations. It is tentatively concluded that mutants 3048 and 3055, isolated from ICR-treated cultures, were actually of spontaneous origin. ICR364-OH appears more effective in inducing nonsense suppressor mutations than is ICRl91. This is surprising, since ICR191 is the generally more potent mutagen.
Specificity of ICR mutagens. The propensity for ICR364-OH but not ICR191 to induce frameshifts in a hotspot in gene hisC prompted a comparison of the efficiencies of these two mutagens to revert mutations located in genes hisC and hisA. The data (Table 7) show that ICR191 is a more potent mutagen than is ICR-364-OH for reversion of all mutants tested, but the relative efficiencies of these two mutagens differ greatly for different mutants. ICR191 is relatively more effective in causing reversion of ICR364-OH-induced mutants than it is in causing reversion of ICR191-induced mutants. The average ratios of ICR191-to ICR364-OHinduced revertants are: 4 ICR191 C mutants-4.1, 10 ICRl91 A mutants-3.9, 13 ICR364-OH C mutants-11.4, and 1 ICR364-OH A mutant-35. The data ( (Table 9) . We consider that classes I through IV are frameshift mutations, i.e., one or more base pairs have been added or deleted from the deoxyribonucleic acid (DNA; 12). The two missense mutations (class V) could well be spontaneous mutations present in the treated cultures. However, one cannot exclude the possibility that acridine derivatives occasionally elicit mutations that mimic base substitutions, possibly by causing two closely allied frameshifts in a favorable nucleotide sequence. Such a mechanism is consistent with the nucleotide sequence known to surround an unusual, ICRrevertible missense mutation in the tryptophan synthetase gene (8) . We show here that ICR191 and ICR364-OH fail to cause intragenic reversion of Salmonella histidine mutants obtained after 2-aminopurine treatment (Table 6) , and fail to revert auxotrophs presumably obtained as AT --CG transversions in E. coli K-12 carrying a mutator gene (37; Table 7 ). ICR191 also fails to revert 101 histidine mutants obtained after NG treatment, although all but five revert in response to NG treatment, and ICR191 fails to revert nine mutants obtained after growth with 5-bromodeoxyuridine (Hartman et al., personal communication) .
Over 97% of the ICR-induced mutations are considered to be true frameshift mutations based on: (i) inability of 2-aminopurine to elicit reversion and inability of streptomycin to elicit phenotypic suppression (Table 6 ); (ii) ability of ICR compounds to engender reversion of 70% of the mutants (classes m and IV in Table 9 ); (iii) polarity of the mutations (Tables 3 and 4) ; (iv) essential lack of external monsense suppressors in revertants and direct demonstration of intragenic reversion; (v) elimination of polarity in revertants; (vi) absence of intragenic complementation; (vii) absence of "leaky" mutants which generally are found as about 10% of penicillin-screened mutants in our collection.
Some of the class I mutations ( c The number of revertants on the ICR191 plate minus the number of spontaneous revertants on the control plate was divided by the number of colonies on the ICR364-OH plate minus the number on the control plate to give the ratio of ICR191/ICR364-OH revertants for each mutant studied.
presumed to be deletions of several base pairs ("microdeletions") or double frameshifts within very short DNA sequences. Although no acridine derivative has been directly demonstrated to cause multiple base deletions through amino acid sequence data, we hypothesize that this is a fairly common mode of ICR-induced mutation. Our conclusion is based on detailed mapping studies which demonstrate that three mutations are multisite mutations in the same region of gene hisA. A fourth appears deleted for the entire operon of nine genes. We cannot decide whether this is a spontaneous mutation, or whether acridine derivatives occasionally induce extended deletions.
Class II mutations could be deficient in one or a few base pairs in a polynucleotide region which, in the mutant form, lacks the information necessary for "slippage" or unequal crossing-over back to a competent genotype (cf. 32). In contrast, class III mutations are supposed to be "minus" frameshifts which, in the presence of ICR, can again restore the proper reading frame in the critical portion of the gene, either through true reversion or by a second frameshift closely allied to the first. Thus, class I, II, and III mutations (52.5% of the ICR-induced mutations summarized in Table 9 ) are most easily thought of as deletions of one or more base pairs.
Class IV mutations, 45% of the ICR-induced mutations (Table 9 ), appear to be predominantly or exclusively base pair additions. These "plus" frameshifts are stimulated to revert with NG and with DES. In causing reversion of frameshift OESCHGER AND HARTMAN 20 ,g of L-threonine and L-leucine.
After 48 hr of incubation at 37 C, small colonies were selected, purified, and tested for their respective amino acid requirements on minimal plates supplemented with overlapping combinations of all 20 amino acids. The requirements were confirmed by streaking each mutant on an EM plate and finding stimulation of growth by a crystal of the required amino acid. Only one mutant for any given amino acid was retained from each culture. To confirm the presence of the mutator gene, the characterized mutants were streaked in nutrient agar supplemented with 100 jug of streptomycin per ml. Under these conditions, streptomycin-sensitive strains containing the mutator gene will give rise to 50 to 100 resistant colonies along the streak (37) . By this test, all the mutants isolated possessed the mutator gene.
I Original strain is thr-, leu-; cys, cysteine; pur, purine; trp, tryptophan; met, methionine; pro, proline. c Stimulation of growth by 2-aminopurine. (Table 5) , it and DES are effective in causing frameshift mutations with reasonable frequency. Plus frameshifts appear frequently in acridinetreated material (mutants J12, J17, and J44 in references 26 and 32; J201 in reference 18; hisD3018 in reference 39) and among revertants of frameshift mutants where strong selection may be present (mutants JDl1 and JD12 in references 26 and 32; A23 PRI in reference 8). However, in the only other three cases carefully analyzed, one spontaneous mutation (JD10 in reference 32) and two ultraviolet-induced mutations (A21 in reference 7; A9813 in reference 10) all appear to be single-base deletions. Studies with Salmonella histidineless mutants indicate that there may be only one mutation susceptible to intragenic reversion both with ICR and with NG from among over 158 spontaneous mutations classified as frameshifts (see Fig. 2 ). This class of mutations also is absent among 9 frameshift mutations induced with ultraviolet irradiation, 8 with nitrous acid, 36 with X-rays, and 5 with fast neutrons (Hartman et al., manuscript in preparation). That is, whereas mutations comparable to classes I to III (Table 9 ) are common in this material, the few mutations initially classified as class IV in reversion tests have been found to be nonsense mutations whose ICRinduced revertants carry nonsense suppressors (Table 6 and reference 15). Thus, NG-revertible frameshifts occur relatively infrequently in the absence of acridine derivatives. They also are absent in a series of 23 mutations of the frameshift type isolated after proflavine treatment of mating bacteria (28) . We postulate that in the absence of highly potent ICR compounds or strong selection for their specific detection, plus frameshifts (i.e., NG and DES revertible frameshifts) are rare as compared with minus frameshifts.
Martin (24) isolated, by recombination, four spontaneous secondary frameshifts that allow hisC function when combined with frameshift hisC2126. Neither the original frameshift nor the four secondary frameshifts responds to NG, a result we have confirmed in the case of three of the mutants. One of the secondary frameshifts is stable to ICR191, whereas the original parent and the other secondary frameshifts respond to ICRI91. It seems to us that all of these frameshifts might be of the minus variety, but that NG-revertible plus frameshifts might be found among revertants of hisC2126 were ICR191-induced revertants examined.
We agree that an NG-positive, ICR-negative reversion pattern is indicative of a mutation involving a base substitution, and that a doubly negative or NG-negative, ICR-positive response is indicative of a frameshift mutation (8, 36) . However, in cases where a positive response is obtained with both mutagens, further genetic tests are required for mutation classification.
ICRl91 and ICR364-OH (Fig. 1) have similar but not identical activities in mutagenesis. Both mutagens produce four classes of frameshift mutations (classes I through IV in Table 9 ). However, histidine-requiring mutations induced by ICR191 are largely located in the hisD, A, and F genes, whereas most ICR364-OH-induced mutations are located in region II of the hisC gene (Table 2 ; Fig. 2) . Eleven of the CII mutations appear to be allelic in transduction tests, estimated to be sensitive enough to detect recombination over a distance estimated as less than 10 nucleotide pairs (38) . Members of this hotspot differ from one another in their spontaneous reversion frequency (Table 7 ) and response to mutagens (Table 1) . This clustering phenomenon is common among frameshift mutations in the histidine operon ( Fig. 2; reference 14) and presumably occurs in regions rich in repeating nucleotide sequences where mispairing and "slippage" occur (32) . Our results show that the two acridine and azaacridine derivatives tested both create new frameshift hotspots and enrich some but not all spontaneous hotspots. Each derivative exhibits some unique discrimination, whether measured by induction of auxotrophs (Table 2 ; Fig. 2 ), suppressor mutations (Table 6) , or in reversion tests of frameshift mutations (Table 7) . Frameshifts induced by irradiation appear to be more widely scattered than those occurring spontaneously or after ICR mutagenesis.
